INTRODUCTION
============

The ribosomal stalk is a universal domain of the large ribosomal subunit that is essential for the interaction and function of several soluble translation factors ([@gkt637-B1]). In eukaryotes, a protein complex formed by two heterodimers of the acidic proteins P1 and P2 binds to P0 to form the basic stalk structure. The P0-(P1/P2)~2~ pentamer binds via the N-terminal domain (NTD) of P0 to the highly conserved 25S rRNA GAR region next to the ribosomal protein L12, which forms part of the stalk base ([@gkt637-B2],[@gkt637-B3]). Archaeal ribosomes contain a simpler eukaryotic-type stalk whose crystal structure was recently elucidated, facilitating the resolution of its eukaryotic counterpart ([@gkt637-B4]). The eukaryotic stalk structure is highly dynamic, and it appears that the acidic P1/P2 heterodimers can be exchanged for free cytoplasmic proteins ([@gkt637-B5; @gkt637-B6; @gkt637-B7]), supporting the view that this ribosomal structure undergoes an assembly/disassembly cycles during protein synthesis, fulfilling a regulatory role in ribosome function and hence, in translation ([@gkt637-B8]).

Defining the mechanism of stalk assembly is fundamental to understand this regulatory process. Of the four stalk components, P0, P1, P2 and L12, only the assembly of P0 has been studied in detail. Experimental evidence indicates that in *Saccharomyces cerevisiae*, P0 is incorporated into the pre-ribosome particle in the late cytoplasmic stage of ribosome assembly ([@gkt637-B9]). This step requires the prior displacement from the pre-60S particle of the ribosome assembly factor Mrt4 ([@gkt637-B10; @gkt637-B11; @gkt637-B12]), a process mediated by the Yvh1 protein ([@gkt637-B10],[@gkt637-B11]) and probably also by Drg1 ([@gkt637-B9]). Mrt4 displays a high degree of amino acid sequence homology with the NTD of P0 ([@gkt637-B13]), which forms the rRNA-binding site of this stalk component ([@gkt637-B14]). Both proteins bind to the same site in the highly conserved GAR region of the 25S rRNA, and thus they cannot coincide in the ribosome structure ([@gkt637-B13]). In agreement with the mechanism proposed for cytoplasmic assembly, fluorescent P0 is detected mainly in the cytoplasm in the presence of the nuclear export inhibitor leptomycin B (LMB) ([@gkt637-B10; @gkt637-B11; @gkt637-B12]). However, a fraction of P0 is also found in complexes associated with the assembly factor Nop7 ([@gkt637-B12]), which have been described in the nucleus ([@gkt637-B15]).

Thus, there is convincing experimental data demonstrating that P0 is assembled in the cytoplasm, although it is also present in nuclear particles. In an attempt to reconcile these apparently contradictory findings, it has been proposed that P0 assembly occurs through different pathways, and that nuclear pre-ribosomal particles containing P0 may bypass the LMB-induced blockade of nuclear export ([@gkt637-B12]).

To further investigate this hypothesis, and given the importance of the specific carboxyl terminal domain (CTD) in P0 function ([@gkt637-B16],[@gkt637-B17]), we analyzed the effects of modifications to the P0 CTD in the ribosome assembly process. Our results clearly demonstrate a key role of this P0 domain in the nuclear export of pre-ribosomal particles, consistent with our previous findings ([@gkt637-B12]).

MATERIALS AND METHODS
=====================

Yeast strains
-------------

The *S. cerevisiae* strains used in the present study are listed in [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1). The D45dM, D45Nop7-TAP and D45dMNop7-TAP strains were generated specifically for this study. The former was generated from D45 using a NAT/MRT4 deletion cassette that carried nourseothricin (NAT) as a selection marker, which was obtained from the pYM17 plasmid template ([@gkt637-B18]) by PCR with the 5′MRT4-nat and 3′ MRT4-nat ([Supplementary Table S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1)) oligonucleotide primers. Deletion of Mrt4 was confirmed by immunoblotting using specific antibodies against this protein ([@gkt637-B13]). *Saccharomyces cerevisisae* W303D7-GFP was generated by inserting at the appropriate position in *S. cerevisiae* W303 *RPP0* gene a PCR fragment encoding yeGFP derived from plasmid [p]{.ul}YM44 as described previously ([@gkt637-B18]). D45Nop7-TAP and D45dMNop7-TAP were generated as described previously for W303Nop7-TAP and W303dMNop7-TAP ([@gkt637-B13]).

All strains were grown at 30°C in rich medium (YEP) or synthetic dropout medium containing 2% glucose. For *in vivo* depletion of P0, the conditional P0 null strains (dGP0) were grown in 2% galactose medium (YPGal) at 30°C until the mid-exponential phase (OD~600~ = 0.5--0.6) and then transferred to 2% glucose medium (YPD) for 18 h.

Plasmids
--------

The plasmids used are summarized in [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1). pFLhisP0, pFLhisP0-C, pFLhisP0D7 pFL37Mrt4/P0, pFL37P0ΔAB, pUG23-eGFP, YCplac111-Mrt4-eGFP and YCplac111-P0-eGFP have been described previously (see [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1)).

*Plasmids encoding P0-C-GFP, P0ΔAB-GFP, Mrt4/P0-GFP*. The same cloning strategy was used to obtain plasmids encoding these proteins and carrying either HIS3 or LEU2 as selection markers. Using the plasmid carrying the untagged protein as a template and the oligonucleotides described in [Supplementary Table S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1), the ORF encoding the modified protein and its 5′ flanking region were amplified by PCR. The PCR fragment flanked by *Bam*HI and *Xba*I restriction sites was subcloned into the corresponding sites of the eGFP-harbouring vector pUG23 to generate pUG23P0-C-GFP, pUG23P0ΔAB-GFP and pUG23Mrt4/P0-GFP. Using these plasmids as templates and the appropriate oligonucleotide primers ([Supplementary Table S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1)), a PCR fragment was then obtained encoding the eGFP-tagged protein flanked by the *Xba*I and *Sac*I restriction sites. This fragment was subcloned into the corresponding sites in the pFL36 vector ([@gkt637-B19]), which carries a LEU2 selection marker, yielding pFL36P0-C-GFP, pFL36P0ΔAB-GFP, pFL36Mrt4/P0-GFP.

*Plasmid pFL36P0D7-GFP*. DNA from *S. cerevisiae* W303D7-GFP was used as a template to generate a DNA fragment encoding the GFP-tagged P0D7 by PCR using the oligonucleotide primers indicated in [Supplementary Table S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1). Following digestion with *Xba*I and *Sma*I, this fragment was subcloned into the *Xba*I/*Eco*RVsites of pFL36.

The integrity of all the plasmids was confirmed by DNA sequencing.

The mobility of the cloned tagged P0 proteins in SDS--PAGE was not as expected in some cases, which is due to the different linkers used to join the proteins to GFP in the distinct plasmids used (see [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1)).

Cell fractionation
------------------

Yeasts were fractionated as preciously described ([@gkt637-B20]). In summary, cells were broken with glass beads in the presence of protease inhibitors. The extract was centrifuged in a Sorvall SS-34 rotor at 12 000 rpm for 15 min, yielding the supernatant S30 fraction. The S100 supernatant fraction and the ribosome pellet were obtained by high-speed centrifugation of S30 at 90 000 rpm for 30 min in a Beckman TL100.3 rotor.

Fluorescence microscopy
-----------------------

To study the subcellular localization of proteins the *S. cerevisiae* strains indicated, transformed with a plasmid encoding the appropriate eGFP-tagged derivative were grown at 30°C in restrictive media to an OD~600~ = 0.2--04. When required, LMB (0.1 µg/ml) was added 1 h before collecting the cells. The cells were visualized on an Axiovert 200 Zeiss microscope coupled to a Coolsnap FX CCD.

Sucrose gradient analyses
-------------------------

Polysome preparations were obtained from exponentially growing cells and analyzed by 7--50% sucrose gradient centrifugation, as described previously ([@gkt637-B21]). Ten A~260~ units of extract were loaded in each gradient, and 0.5 ml fractions were collected from gradients, and the proteins recovered were analyzed in western blots.

Affinity purification of TAP-tagged proteins
--------------------------------------------

TAP purifications from W303Nop7-TAP and W303DMNop7-TAP *S. cerevisiae* strains were performed following a standard procedure described previously ([@gkt637-B12],[@gkt637-B15],[@gkt637-B22]). Purified complexes were analyzed by electrophoresis in 12.5% Tris--glycine SDS--PAGE. To normalize the amount of purified complex loaded for comparative studies, a sample was first resolved in the same conditions and silver stained.

Antibodies and western blotting
-------------------------------

Total yeast protein extracts were analyzed in western blots using standard procedures. P0 was identified with 3BH5, a monoclonal antibody specific for the CTD. The rabbit antiserum against Mrt4 has been described previously ([@gkt637-B13]), and the monoclonal anti-GFP antibodies were purchased from Roche. Monoclonal antibodies directed against ribosomal protein L3 (a gift of Prof. J. R. Warner) and the L12 protein, obtained in our laboratory, were also used.

RESULTS
=======

Expression of GFP-tagged P0 derivatives
---------------------------------------

The P0 protein and the three P0 derivatives, P0-C, P0ΔAB and P0D7, all tagged with GFP, were expressed *S. cerevisiae* AJY1539, a strain that is sensitive to the nuclear transport inhibitor LMB. P0-C lacks the last highly conserved 21 amino acids, which are directly involved in the protein synthesis activity of P0 ([@gkt637-B16]). When absent, native P0 can be substituted by this truncated protein but only in the presence of proteins P1 and P2 ([@gkt637-B16]). P0ΔAB lacks the region from amino acids 198--258, which contains the binding site for proteins P1 and P2 ([@gkt637-B23]). Protein P0ΔAB is functional and can substitute for the loss of parental P0, both in the presence and the absence of P1 and P2 ([@gkt637-B23],[@gkt637-B24]). In P0D7, the last 132 amino acids of the protein are missing (i.e. the complete CTD). This truncated protein is not found in mature ribosomes, and it is unable to substitute native P0, irrespective of the presence of P1/P2 ([@gkt637-B16]). The expression of the tagged proteins had no significant negative effect on cell growth ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1)). The expression of the tagged proteins was assessed by SDS--PAGE in the cell extracts from the transformed strains, using the ribosomal L12 protein as a standard. All the proteins were present in similar amounts in total cell extracts (S30 fraction), although they were not detected after removal of the ribosomal particles (S100 fraction: [Figure 1](#gkt637-F1){ref-type="fig"}). These results demonstrate the absence of a cellular pool of free P0 proteins. Figure 1.Expression of tagged P0 derivatives. Equivalent amounts of the cell extracts from the AJY1539 strains expressing the four GFP-tagged proteins (1, P0wt; 2, P0-C; 3, P0ΔAB; 4, P0D7) were obtained before (S30 fraction) and after ribosome removal (S100 fraction), and they were resolved by SDS--PAGE. The proteins were detected using monoclonal antibodies against GFP and the ribosomal protein L12.

Cellular distribution of truncated P0 derivatives in wild-type cells
--------------------------------------------------------------------

We next studied how the truncated P0 proteins affected the assembly of the ribosomal stalk in strain AJY1539. We analyzed fluorescence in cells grown in the absence or presence of LMB ([Figure 2](#gkt637-F2){ref-type="fig"}A upper panel). In agreement with previous reports, wild-type P0-GFP was found mainly in the cytoplasm, whereas the nucleus, identified by DAPI staining ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1)), displayed no fluorescence either in the presence or absence of LMB. Removal of the last 21 amino acids in P0-C did not appreciably alter the distribution of this protein. P0ΔAB exhibited a cytoplasmic localization in the absence of the inhibitor, but unlike native P0, it was detected predominantly in the nucleus in the presence of LMB. The absence of the entire CTD also altered the distribution of P0D7. This protein was more homogeneously distributed throughout the cell and fluorescence was also detected in the nucleus in the absence of LMB, whereas in the presence of LMB, it concentrated in the nucleus, as observed for P0ΔAB. Figure 2.(**A**) Cellular distribution of pre-ribosomal particles carrying different GFP-tagged ribosomal proteins. P0-C-GFP, P0ΔAB-GFP and P0D7-GFP, as well as wild-type P0-GFP, were expressed in the AJY1539 (WT MRT4) and AJY1539dM (ΔMRT4) strains in the presence (+) or absence (−) of LMB. Cells were also stained with DAPI to identify the nucleus (indicated with an arrow in GFP pictures, the original DAPI-stained cells are shown in [Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1)). (**B**) Ribosomal protein L25-GFP was expressed in the same strains as described in panel (A), and the nuclear location was determined by DAPI staining.

Cellular distribution of truncated P0 derivatives in the absence of Mrt4
------------------------------------------------------------------------

Given the close structural and functional relationship between P0 and Mrt4, we investigated how the elimination of the assembly factor affected the cellular distribution of truncated P0 derivatives by expressing the fluorescent proteins in the MRT4-deleted AJY1539dM strain ([Figure 2](#gkt637-F2){ref-type="fig"}A, lower panel). The absence of Mrt4 did not alter the cytoplasmic distribution of P0 and P0-C, although it promoted the accumulation of P0ΔAB and P0D7 in the nucleus in both the presence and absence of LMB.

The nuclear accumulation of some truncated P0 proteins in the AJY1539dM strain suggests a possible role of Mrt4 in nuclear export. To investigate this possibility, we analyzed the cellular distribution of pre-ribosomal particles carrying the L25-GFP ribosomal protein in MRT4-deficient cells ([Figure 2](#gkt637-F2){ref-type="fig"}B). The fluorescence level increased in the nucleus of cells lacking Mrt4 in the absence of LMB. Moreover, the inhibitor promoted the nuclear accumulation of L25-GFP in the parental AJY1539 strain but not in the MRT4-deficient cells.

Incorporation of fluorescent proteins into ribosomal particles
--------------------------------------------------------------

Total extracts were also resolved in sucrose gradients, and the presence of the tagged protein and the native untagged P0 in the gradient fractions was determined ([Figure 3](#gkt637-F3){ref-type="fig"}A). The top fractions of the gradient have been omitted, as they did not contain P0 proteins, consistent with the analysis of the S100 extract ([Figure 1](#gkt637-F1){ref-type="fig"}). The tagged P0, P0-C and P0ΔAB were detected in the 60S, monosome and polysome fractions along with untagged wild-type P0, indicating that despite carrying a GFP-blocked carboxyl, these proteins are assembled into the ribosomes, and they are functional. By contrast, P0D7-GFP was detected mainly with the subunits and 80S peaks, and only traces were detected in polysomes. Figure 3.Total extracts from parental AJY1539 (WT MRT4) and MRT4-deleted AJY1539dM (ΔMRT4) cells expressing the indicated fluorescent proteins were resolved by sucrose gradient centrifugation. The presence of the tagged proteins in the gradient fractions was tested using an anti-GFP antibody (GFP), and a P0-specific antibody was used to detect the native protein P0.

The absence of Mrt4 diminished all the peaks in the gradient, although it had no effect on the overall distribution of the tagged proteins, except for the notable increase of P0ΔAB in the 60S subunit fraction ([Figure 3](#gkt637-F3){ref-type="fig"}B). Moreover, the expression of P0D7 protein to some extent complemented the absence of Mrt4, and it increased the size and sharpness of the peaks in the polysome profile, especially that of the 80S particles. Indeed, P0D7 was able to partially rescue the cell growth deficiency caused by the MRT4 deletion ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1)).

Presence of truncated proteins in nuclear pre-ribosomal particles
-----------------------------------------------------------------

The fluorescent truncated proteins were expressed in *S. cerevisiae* W303Nop7-TAP and in the MRT4-deleted W303dMNop7-TAP strain. Nop7 pre-ribosomal protein complexes from all strains were TAP-purified, resolved by SDS--PAGE, and the proteins analyzed in western blots ([Figure 4](#gkt637-F4){ref-type="fig"}). In complexes from the parental W303 strain, the four truncated proteins were detected to varying extents, with the weakest band observed for P0D7. In the W303dM particles, all proteins markedly increased, particularly P0D7, which was the most abundant tagged protein in the Mrt4-deficient complexes. The presence of wild-type P0 protein in the Nop7-protein complexes has been reported previously, confirming that this is not due to contamination introduced during the purification ([@gkt637-B12]). These results indicate, therefore, that the tagged P0 proteins are incorporated into pre-ribosomes in the nucleus. Protein L12, the partner of P0 in the ribosomal stalk base, was only detected in the nuclear complexes formed in cells lacking Mrt4. Figure 4.Detection of truncated proteins in nuclear pre-ribosomal particles. Extracts from W303 (WT MRT4) and W303dM (ΔMRT4) *S. cerevisiae* strains expressing Nop7-TAP and transformed with the appropriate plasmids to express different eGFP-tagged P0 derivatives were used to purify nuclear complexes using the TAP method. The presence of the indicated proteins in the complex was determined by SDS--PAGE and western blots with specific antibodies.

Expression of truncated P0 proteins in the absence of P1 and P2
---------------------------------------------------------------

We analyzed the distribution of the truncated fluorescent proteins in the absence of P1and P2 proteins, expressing the proteins in *S. cerevisiae* D45, a yeast strain that lacks P1 and P2 proteins ([@gkt637-B25]), and in D45dM, an MRT4-deleted strain derived from D45. In D45, the P0-GFP and P0-C-GFP proteins were mainly cytoplasmic, and, as previously found in wild-type cells ([Figure 2](#gkt637-F2){ref-type="fig"}A upper panels), P0D7-GFP was distributed homogenously throughout the cell ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1), upper panel). By contrast, P0D7-GFP was found exclusively in the nucleus in the D45dM strain, whereas both P0-GFP and P0-C-GFP were also found in the nucleus ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1), lower panel), even though they were mostly cytoplasmic in the equivalent AJY1539dM strain that contains P1 and P2 ([Figure 2](#gkt637-F2){ref-type="fig"}A, lower panel).

The distribution of P0ΔAB-GFP in the absence of the stalk proteins was particularly interesting. This protein exhibited a cytoplasmic location in parental AJY1539 and a nuclear distribution in the MRT4-deleted AJY1539dM ([Figure 2](#gkt637-F2){ref-type="fig"}A); yet, it was detected only in the cytoplasm in both D45 strains ([Figure 5](#gkt637-F5){ref-type="fig"}A, panels 1 and 2), indicating that the absence of Mrt4 induced nuclear accumulation of the truncated protein only if proteins P1/P2 are present. To determine whether this difference is dependent on the P1/P2 proteins, the D45dM strain was transformed using a plasmid encoding the yeast protein P2α, which also resulted in the accumulation of the corresponding P1 partner ([@gkt637-B26]). In this transformed strain, P0ΔAB once again accumulated in the nucleus ([Figure 5](#gkt637-F5){ref-type="fig"}, panel 3). Moreover, this redistribution was not observed when D45dM was transformed using a plasmid encoding P2β35DU, a P2α derivative carrying the initial NTD amino acids from protein P2β and that is unable to bind to the ribosome ([@gkt637-B27]) ([Figure 5](#gkt637-F5){ref-type="fig"}, panel 4). Figure 5.Effect of the P1 and P2 proteins on the cellular distribution of P0ΔAB. (**A**) -P0ΔAB-GFP was expressed in the P1- and P2-deprived strain D45 (D45) and in the MRT4-deleted D45dM (D45ΔMRT4), as well as in D45dM after transformation with a plasmid encoding either the functional stalk protein P2α (D45ΔMRT4 + P2α) or the inactive stalk protein derivative P2β35DU (D45ΔMRT4+P2β35DU). GFP fluorescence (GFP) and the DAPI-stained nuclei are shown in the upper and lower panels, respectively. (**B**)- P0ΔAB-GFP was expressed in *S. cerevisiae* strains W303 (W), W303dM (WΔMRT4) deprived of Mrt4, W303dGP0 (WΔP0) deprived of P0 and W303dGP0dM (WΔP0ΔMRT4) deprived of P0 and Mrt4. The cells were grown in glucose for 18 h to deplete cells of P0. The samples were stained with DAPI (lower panel) to identify the position of the nucleus.

To test whether the presence of a wild-type P0 affects the distribution of P0ΔAB in the absence of the Mrt4 and P1/P2 proteins, the truncated protein was expressed in *S. cerevisiae* W303dGP0dM, an Mrt4-deficient and conditional P0 null mutant strain that does not express P0 in glucose media ([@gkt637-B28]). In these conditions, this protein was found in the cytoplasm ([Figure 5](#gkt637-F5){ref-type="fig"}B).

When Nop7 pre-ribosomal particles from the corresponding D45Nop7-TAP strains were analyzed, all the truncated proteins were detected ([Supplementary Figure S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1)). L12 protein was present in the Nop7-TAP purifications from *ΔMRT4* cells only.

The influence on cellular distribution of replacing the Mrt4 CTD with the equivalent domain from P0
---------------------------------------------------------------------------------------------------

We extended our analysis of the stalk assembly process testing the effect of this domain when present in a nuclear protein. To this end, we used Mrt4/P0, a previously described protein chimera containing the CTD of P0 and the NTD of Mrt4 ([@gkt637-B13]). When we compared the cellular localisation of tagged Mrt4/P0, Mrt4 and P0 ([Figure 6](#gkt637-F6){ref-type="fig"}), P0 was detected in the cytoplasm but was almost totally absent from the nucleus ([Figure 6](#gkt637-F6){ref-type="fig"}A), as reported previously ([@gkt637-B10; @gkt637-B11; @gkt637-B12]). Mrt4 accumulated in the nucleus ([Figure 6](#gkt637-F6){ref-type="fig"}B) when the proteins were expressed in AJY1539, either in the presence or absence of LMB, whereas Mrt4/P0 fluorescence showed comparable levels in the nucleus and cytoplasm ([Figure 6](#gkt637-F6){ref-type="fig"}C). The distribution of Mrt4/P0 was not affected by the absence of Mrt4 when the chimera was expressed in the AJY1539dM strain under the same conditions ([Figure 6](#gkt637-F6){ref-type="fig"}D). Figure 6.Comparative cellular distribution of P0-GFP (**A**), Mrt4-GFP (**B**) and Mrt4/P0-GFP (**C** and **D**) proteins when expressed in parental *S. cerevisiae* AJY1539 (A, B, C) and MRT4-deleted AJY1539dM (**D**) in the presence or absence of LMB. Nuclear location was determined by DAPI staining, and the cells were analyzed as described in [Figure 2](#gkt637-F2){ref-type="fig"}.

Moreover, like wild-type P0 and all its tested derivatives, Mrt4/P0 was also detected in nuclear Nop7-TAP particles from the parental AJY1539 strain, and its levels were markedly higher in protein complexes purified from the MRT4-deleted AJY1539dM strain ([Supplementary Figure S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1)). Moreover, the Nop7 particles obtained from AJY1539dM also contained a significantly larger amount of ribosomal protein L12. From all these results, we can conclude that P0 CTD converts Mrt4 into a P0-like protein.

DISCUSSION
==========

Mrt4 deletion might affect nuclear export
-----------------------------------------

We have studied the distribution of the P0 protein in cells and, unexpectedly, we found that the nuclear accumulation of pre-60S particles in cells lacking the Mrt4 protein was clearly less sensitive to LMB. Moreover, the presence of LMB and the absence of Mrt4 exerted similar effects on the cellular distribution of some truncated P0 proteins, as discussed later in the text. LMB sensitivity in *S. cerevisiae* is caused by a single mutation in the *CRM1* gene, which prevents its interaction with this inhibitor ([@gkt637-B29]). In sensitive organisms, the drug covalently modifies Crm1 ([@gkt637-B30]), altering its interaction with the Nmd3 receptor and blocking pre-ribosomal nuclear transport ([@gkt637-B31]). It remains unclear how this blockade might be dampened in the absence of Mrt4, although alterations in the Nmd3-60s interaction might be involved. One of the Nmd3 domains in the ribosome-bound protein is located close to the stalk base ([@gkt637-B32]), where the Mrt4 factor associates ([@gkt637-B13]). Nevertheless, alternate explanations for the Mrt4-deletion effect are possible. Thus, alteration of the nuclear turnover of the pre-ribosomes cannot be excluded.

The CTD determines the role and cellular distribution of P0 proteins
--------------------------------------------------------------------

We observed notable differences in the cellular distribution of the GFP-tagged truncated P0 proteins. P0-C behaved almost identically to the parental P0 in all tested strains, suggesting that removal of the last 21 amino acids has no effect on the protein assembly process. As the missing amino acids are required for P0 activity during translation ([@gkt637-B16]), including the stimulation of the GTPase associated with soluble factors, our results indicate that this stimulatory capacity seems to be irrelevant for ribosome assembly. As P0 is found in nuclear pre-ribosomal particles, and given the role of different nuclear GTPases in ribosome biogenesis ([@gkt637-B33]), we believe this conclusion might be significant.

The P0D7 protein, in which the CTD is completely removed, failed to function as a P0 protein, and it accumulated in the 60S and 80S peaks. Moreover, in contrast to the other truncated derivatives, which were clearly absent from the nucleus in exponentially growing cells, P0D7-GFP was distributed throughout the cell, including the nucleus. Furthermore, the addition of LMB and the absence of Mrt4 both induced the nuclear accumulation of the GFP-tagged protein. P0D7 was also the least abundant P0 derivative in Nop7-TAP particles when Mrt4 was present and the most abundant in its absence. Additionally, P0D7 partially complemented the absence of Mrt4, enhancing the size and sharpness of the 80S and polysome peaks in the sucrose gradients and partially rescuing cell growth of AJY1539dM strains. Together, these observations suggest that removal of the complete CTD makes the P0 derivative functionally similar to Mrt4.

In contrast to P0D7, the nuclear export and cytoplasmic accumulation of the Mrt4/P0 chimera, which carries the P0 CTD, occurred both in the presence and absence of Mrt4, as seen for wild-type P0. Also, LMB failed to block the export of nuclear complexes carrying the chimera, which like wild-type P0 accumulated in the cytoplasm in the presence of this drug. Moreover, Mrt4/P0 was incorporated into polysomes and partially substituted P0 ([@gkt637-B12],[@gkt637-B13]). It therefore seems that Mrt4/P0 functions like a protein P0.

The P0ΔAB protein, which has been shown to complement the absence of P0 ([@gkt637-B23],[@gkt637-B24],[@gkt637-B34]), was mainly detected in the cytoplasm, like P0 and P0-C. However, in contrast to these two proteins, P0ΔAB accumulates in the nucleus in the presence of LMB and in the absence Mrt4. It was previously suggested that the failure of LMB to induce nuclear accumulation of pre-ribosomes when P0-GFP was used as a reporter might be due to the insensitivity to the drug of particles carrying wild-type P0 ([@gkt637-B12]). The sensitivity of P0ΔAB-GFP pre-ribosomes to LMB supports the previous proposal and, moreover, limits the region of the P0 CTD involved in this process to the P1/P2-binding sites.

Together, the data from all the different P0 derivatives indicate that the CTD is a central element in determining the function and, consequently, the cellular distribution of the proteins.

The stalk proteins P0 and L12 can be assembled in the nucleus
-------------------------------------------------------------

The enhancement of P0 proteins in Nop7 nuclear particles together with the LMB-dependent nuclear accumulation of some truncated P0 derivatives support that in Mrt4-deficient cells, this stalk component can be assembled in the nucleus, but particles carrying a wild-type P0 scape from the drug-induced export blockade. The nuclear assembly of P0 in Mrt4-deficient cells does not contradict the cytoplasmic assembly pathway proposed for the stalk ([@gkt637-B10; @gkt637-B11; @gkt637-B12]), which is probably the main mechanism used in exponentially growing wild-type cells. As Mrt4 is not an essential protein, it is reasonable to assume that cells possess an alternative means of assembling functional ribosomes in the absence of this factor. Our data indicate that in this situation P0, and probably ribosomal protein L12, can be directly assembled in the nucleus.

Data on the assembly of L12, which together with the P0 NTD forms the ribosomal stalk base, are both scarce and contradictory in contrast to the assembly of bacterial ribosomal protein L11, its prokaryotic counterpart ([@gkt637-B35]). The eukaryotic protein has been detected in some nuclear particles ([@gkt637-B15],[@gkt637-B36]) but not always ([@gkt637-B37],[@gkt637-B38]), and no detailed study of L12 assembly has been so far reported. Our analysis revealed that this ribosomal protein was practically absent from Nop7 particles when Mrt4 was present in the cell, and that its levels increased significantly in the absence of Mrt4. The parallel increase in P0 and L12 in particles from Mrt4-deficient cells suggests the joint assembly of both these proteins and a possible role for L12 in putative Mrt4-independent P0 assembly.

The presence of P0 in nuclear Nop7 particles from the parental *S. cerevisiae* strains confirms a previous report ([@gkt637-B12]) and suggest that an Mrt4-independent pathway may also exist in wild-type conditions, which must be different from the one occurring in the absence of Mrt4, as protein L12 is missing in that case. However, it cannot be fully ruled out that the role of P0 in the wild-type particles is not directly related to stalk assembly.

The ribosomal P1 and P2 stalk proteins assist pre-ribosome nuclear export
-------------------------------------------------------------------------

The increased P0-GFP and P0-C-GFP fluorescence in the nucleus of the Mrt4-deficient D45dM strain ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt637/-/DC1)), in contrast to the clear cytoplasmic location of these proteins in the Mrt4-deficient AJY1539dM strain ([Figure 2](#gkt637-F2){ref-type="fig"}A), is consistent with the negative effect on nuclear export produced in the absence of the stalk proteins. Indeed, the cellular distribution of P0ΔAB in the absence of P1 and P2 proteins supports this conclusion. Thus, in the absence of Mrt4, this truncated P0 derivative is located in the cytoplasm when the P proteins are also missing (D45dM), and in the nucleus, when stalk proteins are present (AJY1539dM). However, P0ΔAB was once again detected in the nucleus when D45dM was transformed to express P1 and P2. This was not the case when D45dM was transformed to express P proteins unable to bind to the ribosome. These results show that P1/P2 proteins affect the cellular distribution of particles that contain a P0 protein lacking the P1/P2-binding sites. A simple explanation for these apparently paradoxical results could be the presence of wild-type P0 in the test strain. If P1/P2 proteins help in the nuclear export of particles carrying P0, the wild-type protein should be more efficient than the truncated protein, which would tend to accumulate in the nucleus. In the absence of the stalk P1/P2 proteins, the particles carrying the truncated P0 would not be discriminated, and both type of particles could be exported with a similar efficiency. The mainly cytoplasmic location of protein P0ΔAB in Mrt4-deficient cells that contain P1/P2 proteins and lack wild-type P0 ([Figure 5](#gkt637-F5){ref-type="fig"}B) is fully consistent with our interpretation.

Although other more complex alternatives cannot be totally excluded, the data reported support a role for the P1 and P2 stalk proteins in assisting the nuclear export of pre-ribosome containing P0. It is likely that these proteins accelerate the process by interacting with the bound P0 at the exit site. This effect is especially evident under conditions affecting the efficiency of export, such as in the presence of LMB or the absence of Mrt4.
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